Observations of geologically ancient terrestrial sediments show that reduced carbon commonly survives in fossiliferous organic remains as a large (macro) molecule called kerogen. We have seen ample evidence preserved in sedimentary rocksover three billion years old-of hydrocarbons (the basic chemical component of petroleum) derived from primitive organisms such as archaea and prokaryotes. The substances are preserved as solid bitumen, hydrocarbon-fluid inclusions (globules), and inert carbon transformed from liquid hydrocarbon exactly as found in various Paleozoic to Cenozoic terrestrial oil and gas fields. Consequently, there is no reason to believe that this socalled Archean oil and pyrobitumen originated any differently than normal crude oils. We explore whether a similar process might satisfactorily account for the diverse types of organic matter present in an important class of meteorites known as carbonaceous chondrites (CCs).
Oil present in extraterrestrial environments is derived from living organisms through processes very close to those at work on Earth.
Observations of geologically ancient terrestrial sediments show that reduced carbon commonly survives in fossiliferous organic remains as a large (macro) molecule called kerogen. We have seen ample evidence preserved in sedimentary rocksover three billion years old-of hydrocarbons (the basic chemical component of petroleum) derived from primitive organisms such as archaea and prokaryotes. The substances are preserved as solid bitumen, hydrocarbon-fluid inclusions (globules), and inert carbon transformed from liquid hydrocarbon exactly as found in various Paleozoic to Cenozoic terrestrial oil and gas fields. Consequently, there is no reason to believe that this socalled Archean oil and pyrobitumen originated any differently than normal crude oils. We explore whether a similar process might satisfactorily account for the diverse types of organic matter present in an important class of meteorites known as carbonaceous chondrites (CCs).
Previous reports of petroleum-like hydrocarbons in CCs, [1] [2] [3] [4] as well as recent findings of these compounds by NASA, suggest that they are common constituents within our solar system. For example, Saturn's moon Titan contains a liquid-methane lake and huge clathrate-rich (gas hydrate) zones. These zones exist on Saturn's other moons as well, and possibly also within the the planet's rings. Anthony Zuppero 5 has proposed that such extraterrestrial fuels might provide major feedstock for spacetransportation schemes moving throughout the solar system. In addition, our earlier studies of CCs 6 support those of other researchers [7] [8] [9] [10] [11] as regards the existence of biogenic (i.e., produced by life processes) organic remains. To date, however, no study has simultaneously looked at both organic and inorganic The results of our current research, which focuses on the geochemistry of CCs, reveal a fascinating story. Specifically, we geochemically analyzed selected CCs (ALH 840001, Allende, Dofar 735, EET, Murchison, NWA 3003, Orgueil, Tagish Lake, and Vigarano) to determine the dominant organic components within these extraterrestrial rocks. 6 Our analyses are primarily based on organic petrology, scanning-electron-microscopy energy-dispersive x-ray spectroscopy (SEM-EDS), and pyrolysis/gas chromatography/mass spectrometry (GC/MS) techniques. We discovered that the Murchison, Orgueil, and Tagish Lake CCs are rich in organic compounds (mostly >1.5% total organic carbon), containing abundant semisolid and solid bitumen with variable proportions of microbial-like remnants and their biodegraded macerals associated with framboidal iron oxides and sulfides, and claylike minerals (see Figures 1-5 ). Algal-like and lignin (an organic polymer)-rich polyaromatic macromolecular organoclasts have also been detected, especially in Murchison and Dofar. 6 On the basis of our analysis, we propose that these hydrocarbons (oil and solid bitumen) originated through biological processes similar to those at work in terrestrial organic-rich sedimentary rocks. Confirming the work of earlier researchers, in the CCs we studied, the hydrocarbons appear to be derived from nanobacteria and/or primitive algal remains (based on SEM-EDS, visual kerogen analysis using fluorescence, and white-incident-light microscopy). The extraterrestrial rocks contain abundant alkanes (normal, cyclo-, and isoalkanes), alkyl aromatics, some polycyclic aromatic hydrocarbons, thiophenes, and nitrile compounds (especially within Tagish Lake and Orgueil) with biological signatures (i.e., chemical components detectable in modern plants and animals in a degraded form). We further propose that there has been a transformation of biopolymers to various forms of hydrocarbons (oil and solid or
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liquid bitumen) through the geopolymeric stages typical of such processes on Earth. We have carried out thermal modeling of organic remains. The results are particularly important from an environmental perspective insofar as they indicate the existence of two temperature-influenced categories of organic compounds important in the evolution of CCs. 6 First, low temperature-a projected maximum of < 200 • Cacted on organic remains to form oil, gas, and some asphaltene (e.g., Murchison, Orgueil, and Tagish Lake). Geochemically these CCs are remarkably close to oil-prone kerogen type II and II-III source rocks that usually occur close to major oil and gas fields within the terrestrial environment. Hence, we consider that these low-temperature meteorites were formed in relatively cold and humid areas within the early solar system, comets, and interstellar-dust areas where microbiallike and slightly evolved organic communities could have developed (see Figures 1, 2,and 4) . The temperature effect of cosmic-radiation flux would have helped promote the formation of hydrocarbons from the kerogen macromolecule. Comets are particularly chemically complex, reactive environments that may have served to incubate primitive life forms and may be the precursors of some CCs. It is therefore not surprising to find that the key life-forming elements carbon, hydrogen, oxygen, nitrogen, and sulfur are all present in comets, just as they are in CCs. Comets are cosmic nuclei of chemical disequilibria within which carbon-based life, with its inherent entropy-reducing (i.e., order-promoting) properties, can disprove a nonbiological origin of these organic remains and their transformation products.
Second, high temperature (>200 • C) induced organic remnants (mainly pyrobitumen and inert kerogen, especially within Allende, ALH 840001, EET, and Vigarano). It is possible that these traces of organic matter originated within a superheated (hydrothermal) environment similar to the habitat within hydrothermal vents along terrestrial midoceanic ridges. Even in such an extreme environment, biological life and hydrocarbon generation are intimately linked (see Figures 3 and 5) . In this context, we can clearly demonstrate that the kerogen macromolecule and derivative hydrocarbons occur in certain CCs evidently as a result of the degradation of bacterial clusters or primitive algal remains. These biological precursors may also have been preserved in comets and other cool environments within our solar system, just as they were in some terrestrial Archean environments. 12 In summary, we have described what we call a biologically derived, universal, unconventional petroleum system. 6 On the basis of our findings, we believe there to be the prospect of oil and gas throughout the solar system, including on Mars and various moons of Saturn. Should this hypothesis bear out, hydrocarbons recovered from Earth's sister planets and their moons could potentially contribute toward the food and energy needs of humans colonizing extraterrestrial environments. It would also confirm that Earth is not the only cosmic body to possibly support life in diverse forms. As our next steps, we plan to continue our research on CCs and comet dust until samples from Mars become available. In addition to current techniques, we intend to dye CC samples and analyze them using special fluorescence and tunneling-electron microscopies to chemically identify bacteria and other forms of organic remains.
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